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3-HydroxyﬂavoneWe monitored the behavior of plasma membrane (PM) isolated from tobacco cells (BY-2) under hydrostatic
pressures up to 3.5 kbar at 30 °C, by steady-state ﬂuorescence spectroscopy using the newly introduced
environment-sensitive probe F2N12S and also Laurdan and di-4-ANEPPDHQ. The consequences of sterol
depletion bymethyl-β-cyclodextrinwere also studied.We found that application of hydrostatic pressure led to a
marked decrease of hydration as probed by F2N12S and to an increase of the generalized polarization excitation
(GPex)of Laurdan.Weobserved that thehydration effect of sterol depletionwasmaximal between1 and1.5 kbar
butwasmuch less important at higher pressures (above 2 kbar)where both parameters reached a plateau value.
The presence of a highly dehydrated gel state, insensitive to the sterol content,was thus proposed above 2.5 kbar.
However, the F2N12S polarity parameter and the di-4-ANEPPDHQ intensity ratio showed strong effect on sterol
depletion, even at very high pressures (2.5–3.5 kbar), and supported the ability of sterols to modify the
electrostatic properties of membrane, notably its dipole potential, in a highly dehydrated gel phase. We thus
suggested that BY-2 PMundergoes a complex phase behavior in response to the hydrostatic pressure andwe also
emphasized the role of phytosterols to regulate the effects of high hydrostatic pressure on plant PM., 1 Esplanade Erasme, 21100
rrier-Cornet).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Sterols, such as cholesterol for mammalians, phytosterols for
plants, or ergosterol for fungi, are among the most important
structural and functional lipid species in the plasma membrane
(PM) of eukaryotic cells. Cholesterol controls the membrane ﬂuidity
and phase behavior through the so-called ordering and condensing
effects [1]. Consequently, cholesterol plays a crucial role in the lateral
organization of membranes at a small scale by promoting a special
liquid-ordered (Lo) phase [2] that could coexist with the liquid-
disordered (Ld) phase or solid-ordered (So, or gel) phase. Coexistence
of phases results in lateral heterogeneities, namely, membrane
microdomains [3,4] also called “lipid rafts” when found in natural
membranes [5]. Cholesterol also decreases the penetration of water or
solutes through the bilayer and increases its mechanical strength [6],
thus allowing membranes to withstand drastic changes in environ-
mental parameters, such as temperature and pressure [7].
In contrast to fungal and mammalian cells, which contain ergos-
terol and cholesterol as a major sterol, respectively, higher plant cells
contain a vast array of sterols. For example, 61 sterols and pentacyclictriterpenes have been found in maize seedlings [8]. Phytosterols differ
from cholesterol on their side chain by an extra alkyl group in the C24
position. The complex composition of sterol mixtures in plant likely
regulates the structural and functional properties of PM and is
thus important in the plant physiology [9]. For instance, a correct ratio
ofβ-sitosterol to campesterol is imperative for normal plant growth and
sexual reproduction [10], and it varies during development [11].
Moreover, stigmasterol and sitosterol seem to be more efﬁcient than
ergosterol in extending the temperature range for the proper
functioning of membrane-associated biological processes [12]. Also,
stigmasterol and sitosterol exhibit different efﬁciencies to reduce the
water permeability of bilayers [13]. The ordering effects of phytosterols
and their ability to induce microdomains have been ﬁrst shown in
model membranes [12,14,15]. They have been conﬁrmed by the
disruption of lipid rafts after sterol depletion of plasma membrane
isolated from BY-2 tobacco cells PM that we evidenced recently [16].
Note that here and in the following, we refer for convenience to the
terminology used for model membranes, even if care must be taken in
its utilization, assuming that the various coexisting domains in natural
membranes behave as phases with different properties [3,4].
Here, we investigated the effects of hydrostatic pressure [7,17] up to
4 kbar and sterol depletion on the phase behavior of BY-2 PM.
Thermodynamic, structural, and dynamic properties of membrane are
usually assessed by changing the temperature at atmospheric pressure.
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molecular density, while pressure under isothermal conditions affects
mainly the density via the compressibility of the system [18]. Therefore,
barotropic studies provide additional information about the phase
behavior of various systems, such as model membranes of various lipid
and protein composition [19,20]. High pressure is also of increasing
biotechnological interest as, for example, in the deactivation of
microorganisms [21]. In addition, it is characteristic of the membrane
environment of certain organisms [7] and can mimic stress conditions
as, for example, the severe membrane dehydration occurring during
cold stress in plants [22].
In the present study, the barotropic phase behavior of BY-2 PM,
treated or not with methyl-β-cyclodextrin (MβCD), a cyclic oligosac-
charidewidely used to lower the sterol content inmembranes [23], was
monitored by steady-state ﬂuorescence spectroscopy using F2N12S, a
recently introduced membrane probe based on 3-hydroxyﬂavone,
Laurdan [24,25], a popular ﬂuorophore to probe the phase state of the
membrane, and di-4-ANEPPDHQ [16,26], a probe of membrane
potential also used to study membrane organization. F2N12S was
recently used for visualization of Ld and Lophases inmodel systems [27]
and for detection of apoptotic changes in cell PMs [28]. Due to its anchor
group, F2N12S probe binds spontaneously to the outer leaﬂet of cell
membranes, where its ﬂuorophore localizes at the bilayer interface. The
separate determination of polarity and hydration [29,30] using F2N12S
or its close analogue F2N8 is allowed by the high sensitivity of their dual
ﬂuorescence emission to the environment [31]. While the hydration
parameter describes the presence of water molecules able to form
hydrogen bonds with the probe at the level of phospholipids ester
groups, the polarity parameter is strongly connected with membrane
electrostatics [30,32]. These two independent parameters were used in
the presentwork tomonitor the phase changes of BY-2membranes as a
function of the external pressure or temperature. Our goal was to
investigate if the application of hydrostatic pressure could reveal, by
using environment-sensitive probes, new insights into the phase
behavior of BY-2 PM and to test whether the phytosterol content
could inﬂuence this behavior.
2. Materials and methods
2.1. Materials
BY-2 (Nicotiana tabacum cv. Bright Yellow2) cells were grown inMS
modiﬁedmedium,buffered atpH5.6, containingMSsalts supplemented
with 1 mg L−1 thiamine–HCl, 0.2 mg L−1 2,4 dichlorophenylacetic acid,
100 mg L−1 myo-inositol, 30 g L−1 sucrose, 200 mg L−1 KH2PO4, and
2 g L−1 MES. Cells were maintained under continuous light condi-
tions (200 µE m−2 s−1) on a rotary shaker (140 rpm) and were weekly
diluted (2:80) into fresh medium. For all experiments, cells were col-
lected at 7 days growth.
N-[[4′-N,N-diethylamino-3-hydroxy-6-ﬂavonyl]-methyl]-N-methyl-
N-(3-sulfopropyl)-1-dodecanaminium, inner salt (F2N12S) was synthe-
sized as described [28]. Other chemicals were purchased as follows:
2-hydroxy-3-(N,N-di-methyl-N-hydroxyethyl)ammoniopropyl]-
4-[β-[2-(di-n-butylamino)-6-napthyl]vinyl]pyridinium dibromide
(di-4-ANEPPDHQ) from Molecular Probes; 2-dimethylamino-6-laur-
oylnaphtalene (Laurdan) and all others from Sigma-Aldrich. Solvents
were of spectroscopic grade.
2.2. Preparation of highly enriched BY-2 cell plasma membrane fractions
All steps were performed at 4 °C. Cells (100 g) were collected by
ﬁltration, frozen in liquid nitrogen, and homogenized in grinding
medium (50 mM Tris–MES pH 8.0, 500 mM sucrose, 20 mM EDTA,
10 mMDTT, and1 mMPMSF)withaWarring-Blendor. Thehomogenate
was centrifuged at 16,000×g for 20 min. The supernatantwas collected,
ﬁltered through two successive meshes (63 and 38 µm), and centri-fuged at 96,000×g for 35 min. The pelleted microsomal fraction was
puriﬁed by partitioning in an aqueous two-phase system (polyethylene
glycol 3350/dextran T-500) to obtain the PM-enriched fraction.
Microsomes pellets (approximately 50 mg for 100 g of fresh cells)
were resuspended in 12 g ﬁnal of a phosphate buffer 5 mM pH 7.8
containing 300 mM saccharose and 3 mM KCl and layered on 36 g
(2×18 g) of a phase system composed of polyethylene glycol 3350 and
dextran T-500, 8.8% each, prepared in the same buffer, leading to a ﬁnal
concentration of polymers of 6.6% each. After mixing tubes were
centrifuged for 5 min at 5000×g in a SW 28 rotor (Beckmann). The
upper phases were recovered and layered on a fresh lower phase, and
the procedure was repeated twice. The ﬁnal upper phases were then
diluted in a buffer containing 10 mM Tris–MES pH 7.3, 250 mM
saccharose, 1 mM PMSF, 1 mM DTT, and centrifuged for 45 min at
100,000×g. The marker analysis of microsomal and PM fractions is
given in supplemental data (Table S1). The ﬁnal pellet was resuspended
in the same buffer added with glycerol 20%, aprotinin 10 µg mL−1,
leupeptin 10 µg mL−1, frozen in liquid nitrogen, and stored at−80 °C.
The amount of plasma membrane typically recovered was around
1.5 mg, total plasma membrane protein, per 100 g of fresh cells. The
protein concentration of the ﬁnal pellet was set around 5 mg mL−1 as
determined by the Bradford assay. The protein-to-lipid mass ratio was
estimated to be 1:1 by Mongrand et al. [33].
2.3. Methyl-β-cylodextrin treatment
PM fractions were incubated 30 min at room temperature with
20 mM methyl-β-cyclodextrin (MβCD) in buffered conditions
(20 mM Tris, pH 7.6, 150 mM NaCl, and 1 mM PMSF) under magnetic
stirring and washed twice by centrifugation at 80,000×g for 40 min.
2.4. Spectroﬂuorimetry
Fluorescence measurements were performed on a Fluorolog-3 FL3-
211 spectrometer (Jobin-Yvon, Horiba) in the T-format with a xenon arc
lamp as a light source. All ﬂuorescence signals were recorded with
emission and excitation bandwidths of 1 nmand 5 nm, respectively,with
an integration time of 1 s and were systematically corrected from light
scattering of an unlabelled sample. All data acquisitions were done with
the Datamax software (Jobin-Yvon/Thermo Galactic Inc.). Temperature
experiments were carried out using a 10-mm special optic glass path
cuvetteﬁlledwith 2.5 mLof sample in a temperature-controlled chamber
using a thermoelectric Peltier junction (Wavelength Electronics Inc.).
Hydrostatic pressure experiments were done in a high-pressure optical
cell (Unipress,Warsaw, Poland) having three sapphirewindows (10 mm
diameter and 5 mm thickness) arranged in a T format. The volume of the
pressurization chamber was 4 mL. Pressure was controlled through a
manual high-pressure pump (700 MPamax; NovaSwiss, Cesson, France)
and measured by a UC300A device (Kistler, Les Ulis, France). During the
hyperbar process, the temperature of the chamber was assessed by a
thermostated water bath (Huber, Offenburg, Germany) that ensures
water circulation within the cell body. The high-pressure cell was
mounted in a speciﬁc holder to ﬁt the spectroﬂuorimeter.
Final lipid concentration was adjusted to 0.04 g L−1 in buffer
(10 mM Tris–MES, pH 7.5, 1 mM EDTA, and 250 mM sucrose). PM was
labeled with 1.7 µL of 0.4 mM Laurdan or 0.7 µL of 1.5 mM di-4-
ANEPPDHQ, or 1 µL of 0.8 mM F2N12S stock solution (DMSO) was
added in the sample and incubated during 15 min in the dark. The
probe-to-lipid ratiowas estimated between 1:300 and 1:900depending
on the probe. The excitation wavelength was 360 nm, 480 nm, or
410 nm for Laurdan, di-4-ANEPPDHQ, or F2N12S, respectively.
2.5. Analysis of spectroscopic data
The generalized polarization excitation (GPex) of Laurdan was
derived from the equation: GPex=(I430− I490)/(I430+ I490), where
Fig. 1. (A) Fluorescence spectra of F2N12S in isolated BY-2 plasma membrane in various
conditions of sterol contents, temperatures, andpressures. The spectrawere normalized at
the T* band maximum. (B) Results of the three-band deconvolution of the ﬂuorescence
spectrum of F2N12S in untreated BY-2 PM at 30 °C and under ambient pressure.
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respectively. The spectral changes for the probe di-4-ANEPPDHQ
were monitored through the ratio of intensities at 660 nm and
550 nm (I660/I550). Deconvolution of probe F2N12S ﬂuorescence into
three bands (N*, H–N*, and T*) approximated by a log-normal
function was carried out by using the Siano software (Dr. A.O.
Doroshenko, Kharkov, Ukraine). The program is based on an iterative
nonlinear least-squares method using the Fletcher–Powell algorithm.
To obtain more stable results of deconvolution, several parameters
were ﬁxed based on previous data [31,34,35]: the FWHM of the two
short-wavelength bands (N* and H–N*) was ﬁxed at 3000 cm−1, the
asymmetry of the H–N* band was ﬁxed at 0.9, whereas its band
position was ﬁxed at 18,400 cm−1. The other parameters, i.e.,
asymmetry of N* and T* bands, width of the T* band and relative
intensities of the bands, were allowed to vary. The resulting
ﬂuorescence intensities of the separated N*, H–N*, and T* bands (IN*,
IH–N*, and IT*) were used for calculating the hydration parameter,
which was expressed as the ratio of the emission intensity of the
hydrated form (H–N*) to the summed intensities of the nonhydrated
forms (N* and T*). Taking into account that the FWHM for the T* band
is ∼2.5-fold narrower than for the N* and H–N* bands, the hydration
can be estimated as IH–N*/(IN*+0.4× IT*) [29]. The intensity ratio of
the N* and T* emission bands, IN*/IT*, is a sensitive indicator of the
environment polarity.
3. Results
3.1. F2N12S hydration and polarity parameters
The ﬂuorescence spectra of probe F2N12S in BY-2-isolated PM,
treated or not with MβCD, were recorded at 30 °C with hydrostatic
pressures varying from 1 bar to 3.5 kbar and under atmospheric
pressure in the 4–40 °C temperature range. Fig. 1A shows the
normalized ﬂuorescence emission spectra of F2N12S in BY-2 PM at
30 °C under ambient pressure (with or without MβCD treatment) or at
2.5 kbar and at 4 °C under ambient pressure. In all cases, the F2N12S
spectrum exhibited a broad short-wavelength band and a narrow long-
wavelength band. According to previous studies of 3-hydroxyﬂavone
dyes in lipid bilayers [35], this apparent dual emission is in fact
composed of three overlapping bands: the normal H-bond free (N*) and
H-bonded (N–H*) species at short-wavelengths, and the tautomer (T*)
form at long-wavelengths, which can be obtained by deconvoluting the
emission spectrum(Fig. 1B). ForMβCD-treated PMat30 °Cand ambient
pressure, the relative intensity of the short-wavelength band increased
as compared to that of the control spectrum, in line with previous data
on parent probe F2N8 incorporated in liposomes of various cholesterol
compositions [29]. At 4 °C, under ambient pressure, a blueshift of the
short-wavelength bandwas observed, again in line with data on model
membranes. Moreover, upon increasing the hydrostatic pressure to
2.5 kbar at 30 °C, the short-wavelength band was blueshifted and
signiﬁcantly decreased in intensity. These low-temperature and high-
pressure effects could be connected to a decrease of polarity and
hydration in the probe environment.
The hydration and the polarity in the F2N12S membrane environ-
mentwere determined simultaneously from the N*, N–H*, and T* bands
after spectral deconvolution (see Section 2) and plotted against the
hydrostatic pressures (0.5–3.5 kbar) at constant temperature (30 °C) to
assess the barotropic phase behavior of intact or sterol-depleted BY-2
PM. Increasing the hydrostatic pressure from 1 bar to 3.5 kbar (Fig. 2A)
led to a strong decrease in polarity. This decrease was more marked for
sterol-depleted than for intact membranes. Interestingly, the positive
shift observed upon sterol depletion diminished with pressure but was
still signiﬁcant at very high pressures (0.1 at 3.5 kbar).
Since the hydration parameter is not linear and exhibits low values
in our case (10−1 to 10−3), we chose to display the log function of this
parameter. Fig. 2B shows that the log(hydration) values decreased asa function of pressure from 1 bar up to 3.5 kbar with a sigmoidal-like
shape, denoting a barotropic phase transition. For untreated PM,
hydration values drop from 0.1 under ambient pressure to a plateau
value around 10−3 at 2 kbar. This indicated a drastic dehydration of
the F2N12Smembrane environment under high pressures, suggesting
that BY-2 PM could behave as a highly ordered phase, which was not
signiﬁcantly affected upon application of high pressures up to
3.5 kbar. When the hydration ratio after/before sterol depletion was
analyzed as a function of pressure (Fig. 2C), we observed that the
effect of sterol depletion was maximal (up to 4.5-fold) between 1 and
1.5 kbar but was much less important at higher pressures. Compar-
ison with the temperature-dependent data (see below) revealed that
both control and treated membranes at 30 °C should be in Ld phase at
pressures b1 kbar. The large difference in hydration at 1–1.5 kbar may
be explained by the presence of Lo and, probably, gel phases in intact
membranes, while sterol-depleted membranes likely exhibit both Ld
and gel phases. At pressures N2.5 kbar, the presence of a highly
ordered gel-like phase rather insensitive to sterol content should
explain why the hydration ratio after/before depletion is close to 1.
Noteworthy, the gradual decrease of the total ﬂuorescence intensity
with pressure (up to 25% data not shown) could partially result from
the lower afﬁnity of the probe for the gel phase, fromwhich the probe
may be partially expulsed.
The polarity and hydration parameters were also plotted against
temperature to assess the thermotropic phase behavior of BY-2 PM. The
polarity exhibited a gradual but nonlinear increase with temperature,
Fig. 2. Polarity (A) and log(hydration) (B) as a function of hydrostatic pressure in
untreated (empty circles) and MβCD-treated (full squares) BY-2 plasma membrane.
(C) Ratio of hydrationmeasured after and before sterol depletion as a function of pressure.
Experiments were done at 30 °C.
Fig. 3. Polarity (A) and log(hydration) (B) deduced from F2N12S spectra as a function of
temperature in untreated (empty circles) andMβCD-treated (full squares) BY-2 plasma
membrane. (C) Ratio of hydration measured after and before sterol depletion as a
function of temperature. Experiments were done under ambient pressure.
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membranes (Fig. 3A). We noted an abrupt increase in the 12–30 °C
temperature range that may be related to phase transition. As shown in
Fig. 3A, this increasewas larger for theMβCD-treated than for the intact
membranes, giving a marked positive shift in polarity on sterol
depletion, which varied strongly with temperature (from 0.1 at 4 °C to
0.4 at 40 °C). Interestingly, similar observations have been made with
the polarity sensitive di-4-ANEPPDHQ probe [16].In line with polarity data, raising the temperature from 4 °C to
40 °C resulted in a strong increase in hydration (about 10-fold)
(Fig. 3B) for both intact and sterol-depleted BY-2 membranes. In both
cases, plots of log(hydration) as a function of temperature followed a
similar sigmoidal trend, denoting a thermotropic phase behavior. The
sterol depletion systematically increases the hydration parameter at
all the studied temperatures, with the largest increase (nearly 2-fold)
being observed at 12 °C and the lowest one (1.2-fold) at high
temperatures (Fig. 3C). At the latter temperatures, both intact and
1605Y. Roche et al. / Biochimica et Biophysica Acta 1798 (2010) 1601–1607sterol-depletedmembranes should be in Ld phase, thus explaining the
poor effects of sterol depletion. In contrast, at lower temperatures,
intact membranes should contain Lo phase, while the sterol-depleted
membranes should exhibit both Ld and gel phases. Since afﬁnity of
F2N12S to Ld phase is higher than to gel phase [27], the probe will
reﬂect mainly the hydration of the Ld phase in sterol-depleted
membranes. This may explain why at 12 °C, the difference in
hydration is the largest.
3.2. Laurdan generalized polarization excitation
The effect of pressure on BY-2 PM was also investigated at 30 °C
with the ﬂuorescent probe Laurdan. In line with the F2N12S data, the
Laurdan GPex values for untreated membranes increased steadily up
to 2.5 kbar where a plateau value of about 0.62 was reached (Fig. 4A).
Interestingly, similar GPex plateau values have been measured for the
BY-2 PMs at low temperatures under ambient pressure [16] and
ternary POPC/SM/cholesterol lipid mixtures [36] under high pres-
sures. Sterol depletion led to a sharper increase of GPex as a function
of the pressure, reaching a plateau value of about 0.63, but at higher
pressure (3 kbar). Note the large error bars reported for this set of
experiments. The negative shift in GPex values following sterol
depletion became smaller upon pressurization and was negligible
after 1 kbar, in line with formation of gel-like phase at high pressures.
At ﬁrst sight, both Laurdan GPex and F2N12S hydration pressure
data seem consistent. However, the pressure proﬁles plotted with
F2N12S were sharper, exhibited a more marked plateau, and allowedFig. 4. Laurdan GPex (A) and di-4-ANEPPDHQ intensity ratio I660/I550 (B) as a function of
hydrostatic pressure in untreated (empty circles) and MβCD-treated (full squares) BY-2
plasma membrane. Experiments were done at 30 °C.a clearer distinction of the consequences of sterol depletion than
Laurdan. It should be recalled that Laurdan is located much less
precisely than F2N12S due to the absence of any anchoring group [37],
and the redistribution between different sites of the bilayer may
contribute to the response of this probe to factors changing polarity
and/or hydration of bilayer [30]. For instance, the large error bars
reported for GPex pressure data of MβCD-treated BY-2 PM may be a
consequence of such location artifacts, as already reported for high-
pressure measurements with Prodan [38].
3.3. Di-4-ANEPPDHQ dual-wavelength ratiometric analysis
We also performed a dual-wavelength ratiometric emission analysis
of di-4-ANEPPDHQ bound to BY-2 PM.We divided the emission intensity
at 660 nmby that at 550 nmand plotted this ratio against the hydrostatic
pressure between ambient pressure and 4 kbar, at 30 °C. Fig. 4B shows
that these plots exhibited a gradual but nonlinear decrease with the
pressure, but no plateau was observed. The major consequence of sterol
depletion was a signiﬁcant positive shift in the intensity ratio, which
varied from 0.1 (1 bar) to 0.04 (4 kbar). Indeed, in contrast with F2N12S
hydration and Laurdan GPex results, after sterol depletion the di-4-
ANEPPDHQdata exhibited a positive shift in intensity ratio that remained
large at 4 kbar, a pressure at which the membrane is thought to be
predominantly in a solid-ordered state. The electrochromism effectswith
styryl dyes provide the basis for their sensitivity to dipole potential [39]
and can partially explain the spectroscopic responses we observed on
sterol depletion for this dye [40]. In particular, this contribution may
explain the signiﬁcant spectral shift noted at high pressures, where
F2N12S hydration and Laurdan GPex did not detect any differences.
Nevertheless, it has been proposed [26,41] that changes in rigidity of the
environment of the dye induced by cholesterol content, but also by
temperature or pressures changes, alter the orientational polarizability,
thus the degree of solvent relaxation. In addition, experiments with an
analogue styrylpyridiniumdyehave shown [42] that effects of cholesterol
and derivatives on these parameters may be antagonistic and depend on
the derivative. Therefore, the complex nature of the spectroscopic
response of di-4-ANEPPDHQ, which is sensitive to both dipole potential
and orientational polarizability, would explain why the pressure-
dependent proﬁles (and also the temperature data if we consider
previous works in Roche et al. [16]) obtained with this probe were quite
different than those plotted with F2N12S hydration and Laurdan GPex
data. Nevertheless, it must be noted that the F2N12S polarity proﬁles vs.
temperature and pressure are very similar to those plottedwith the di-4-
ANEPPDHQ intensity ratio data. The observed similarities are consistent if
we take into account that, similar to di-4-ANEPPDHQ, the polarity
parameter of F2N12S and its analogues is largely governed bymembrane
electrostatics and particularly dipole potential [32,35]. Remarkably, both
F2N12S polarity and di-4-ANEPPDHQ intensity ratio showed a strong
effect on cholesterol depletion, which was almost independent of
temperature [16] and pressure. Therefore, both the ﬂuorescence ratio of
di-4-ANEPPDHQ and F2N12S polarity proﬁles may reﬂect changes in the
membrane electrostatics of BY-2 PM on sterol depletion.
4. Discussion
4.1. High pressures reveal new insights into the phase behavior of BY-2
PM
To the best of our knowledge, this is the ﬁrst such study in which
high hydrostatic pressures have been applied to plant PM. Most of the
reports relating the phase properties of plant PM have employed
temperature [16,43,44] as a perturbation. The results presented here,
and particularly the F2N12S hydration data, shed light on our previous
temperature-dependent spectroscopic measurements [16] done with
Laurdan and di-4-ANEPPDHQ and bring new insights into the phase
behavior of intact or sterol-depleted BY-2 PM.
Fig. 5. Recapitulative scheme depicting the supposed evolution of the membrane lateral
organizationwith temperatureunderatmosphericpressureandhydrostaticpressureat30 °C
as deduced from spectroscopic data for intact (Top) and sterol-depleted (Bottom) BY-2 PM.
Terms Lo, Ld, and gel are employed for convenience because the analogy with model
membranes. Gel-like A is for a membrane state similar to the lamellar gel phase So/Lβ. Gel-
like B is for a highly dehydratedundeterminedphase. Correspondence between temperature
and pressure scales is based on hydration values and is purely speculative.
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as proposed previously, is conﬁrmed by the hydration effect of sterol
depletion observed in the 12–20 °C temperature range. The same
reasoning let us consider that the membrane would be in Ld phase at
high temperatures. Pressure-dependent studies at constant temperature
also provided additional information about the phase behavior of BY-2
PM. Firstly, Laurdan GPex results suggested (Fig. 4) that application of
very high pressures (2.5–3.5 kbar) led to the same kind of ordered
membrane state as that formerly observed at low temperatures (4–10 °C)
andproposed as equivalent to a gel phase (gel-like) [16]. In otherwords, a
pressure increase of about 2 kbar at 30 °C has the same effect on
membrane as a temperature decrease by 20 °C. Analogous observations
havebeenmadewith Laurdan-labeled ternary POPC/SM/cholesterol [36]
or DPPC/DOPC/cholesterol [45] lipid mixtures studied in comparable
temperature and pressure conditions. Consistent with these membrane
systems, we could relate the GPex plateau value of about 0.6 with the
presence of an ordered Lo+gel-like phase, whichwould be insensitive to
further pressurization above 2.5 kbar. This analysis is partially supported
by the F2N12S hydration effect of sterol depletion in the 1–1.5 kbar
range. However, in contrast to Laurdan data, F2N12S hydration data
suggested a much more ordered membrane state at very high pressures
(2.5–3.5 kbar) thanat lowtemperatures (4–10 °C). Indeed, ondecrease in
temperature from 30 to 5–10 °C, the hydration decreases by only 1-log
unit, while at 30 °C, the increase in pressure to 2.5–3.5 kbar decreases the
level of hydration by 2-log units (Figs. 2 and 3). This strong difference
between temperature and pressure effects evidenced by F2N12S
hydration parameter, but not with Laurdan GPex, could be related to a
highly dehydrated membrane phase. This hypothesis is corroborated by
several valuable facts. First, in their temperature and pressure study of
POPC/SM/cholesterol mixtures, Nicolini et al. [36] have obtained
indications of an all-ordered gel phase (So) at high pressures by FTIR
andSAXSexperimentsbutnotwith Laurdan spectroscopic data. The same
situation could be envisaged in our present work. Next, experiments on
model membranes [25,46] have demonstrated that Laurdan could not
distinguish between different kind of gel phases (namely, the lamellar gel
phase Lβ, the ripple gel phase Pβ, and the pressure-induced interdigitated
gel phase LβI), in contrast with Prodan. Thus, for Laurdan, different gel
phases and Lo phase appear as highly dehydrated, while F2N12S clearly
shows higher hydration of Lβ phase compared to Lo [29]. Therefore, we
can speculate that, at low temperatures,weobserve for intactmembranes
a coexistence of poorly hydrated Lo and moderately hydrated gel-like
(A) phase, similar to lamellar Lβ, phases, while at high hydrostatic
pressures, a new highly dehydrated gel-like (B) phase is present. Thus,
our results suggest that BY-2 PM undergoes a complex phase behavior in
response to pressure and temperature changes as recapitulated on a
tentative diagram on Fig. 5.
4.2. High-pressure effects on plant membrane are modulated by
phytosterol contents
We have done ﬂuorescence spectroscopy experiments using F2N12S,
Laurdan, and di-4-ANEPPDHQ environment-sensitive probes to yield
information about the barotropic behavior of BY-2 isolated PM with a
particular focus on the consequences of the depletion in sterol content
caused by MβCD. If the ability of cholesterol [36] and ergosterol [47] to
adjust some physical properties of membrane in response to hydrostatic
pressure has been demonstrated, our study was pioneering in applying
high pressures to plant PM with manipulated phytosterol contents.
The sharper temperature-dependent hydration proﬁle for sterol-
depleted PM observed here is coherent with a Lo phase disruption and
corroborateswith the increase of the cooperativity index of the transition
deduced from previous Laurdan spectroscopic data [16]. Sterol depletion
would not only cause a disruption of sterol-rich Lo domains but would
also imply the coexistence of Ld and gel-like phases at moderate
pressures (1–1.5 kbar) or low temperatures (4–10 °C). Indeed, the
signiﬁcant increase in hydration observed after sterol depletionconcomitantly with still high GPex values supports the presence of a
gel-like phase, which would be highly ordered but more hydrated than
the Lo phase [29]. At high pressures (1.5–2.5 kbar), the GPex plateau is
reached, and no effect of sterol depletion is observed indicating the
disappearanceof the Ldphase (Fig. 4). However, the strongeffect of sterol
depletiononF2N12Shydration suggests that, in intactmembranes, the Lo
phase is still present at these conditions (Fig. 2). Indeed, while GPex of
Laurdan does not distinguish between the gel-like and Lo phases, the
F2N12S hydration parameter does [29], which explains the strong
difference in their proﬁles at these pressures. Thus, we can conclude that
at 1.5–2.5 kbar, the intact PMpresents both gel-likeA and Lophase,while
the gel-likeAphase seemsdominating in the sterol depletedmembranes.
Finally, at very high pressures (2.5–3.5 kbar), both intact and sterol-
depleted membranes are strongly dehydrated, indicating formation of a
new highly dehydrated gel-like B phase, which is not affected by sterol
content (Fig. 2). All these propositions are summarized on the tentative
diagram depicted on Fig. 5. Our results suggest that plant sterols can
regulate the phase behavior and bilayer hydration of membranes under
high pressures. Interestingly, time-resolved ﬂuorescence spectroscopy
studies of model membranes under high pressures [48] have demon-
strated that addition of cholesterol to DPPC or POPC signiﬁcantly
increases the hydrophobicity in the interfacial region of the bilayer and
modulates the pressure-induced changes. Similarly, our present study
emphasizes the role of phytosterols in the regulation of the lateral
organization and hydrophobicity of plant PM in environmental condi-
tions such as high hydrostatic pressures up to about 2 kbar. This may
reﬂect a possible protective role of phytosterols against membrane
dehydration. Indeed, PMmicrodomains fromcold-acclimatedArabidopsis
thaliana have been found enriched in free sterols [49], cold stress being
well known to be characterized by severe membrane dehydration [22].
We also propose that a highly dehydrated gel-like state, not sensitive to
the presence of sterols, would be reached at pressures above 2 kbar.
Interestingly, loss of membrane protein function and complete loss of
activity of many microorganisms have been widely observed at this
characteristic 2-kbar pressure range [7], and we point out a possible
relationwith the loss of themembrane-regulating role of sterols in these
conditions.
We also noticed that at high pressures, unlike hydration, the
polarity parameter of F2N12S showed signiﬁcant a increase on sterol
depletion, in line with the intensity ratio data for di-4-ANEPPDHQ.
These observations suggested that in highly dehydrated gel phases,
sterols modify the electrostatic properties, notably dipole potential, as
they do in other bilayer phases [40].
1607Y. Roche et al. / Biochimica et Biophysica Acta 1798 (2010) 1601–1607To conclude, our results demonstrate that application of hydrostatic
pressure to BY-2 PM lead to a complex, sterol-dependent, phase behavior,
which is in line with temperature data: (i) Ld state at atmospheric
pressure and temperature higher than 30 °C, (ii) Ld+Lo for intact or gel-
like A+Ld for sterol-depleted membranes in the 10–30 °C temperature
range or below1 kbar, (iii) Lo+gel-like A or fully gel-like A below5 °C or
in the 1.5–2.5 kbar range, and ﬁnally (iv) fully in a highly dehydrated gel
phase (gel-like B) above 2.5 kbar in both cases.
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